Exposures to vehicle-related air pollutants depend on a complex relationship among vehicular emissions per mile, vehicle miles traveled, fate and transformation of emissions in the air, and proximity to traffic. Over the past 40 years, relentless growth in vehicle miles traveled (now 3 trillion miles a year in the United States, a 170% increase since 1970) (US Department of Transportation) has eroded the impact of the impressive reductions in vehicle emissions. The drop in ambient levels of all these pollutants is smaller, but still impressive. In the United States, the current low ambient carbon monoxide and lead levels are success stories, the result of stringent regulation and effective, durable vehicular control technology plus fuel improvements. Ozone and fine particulate matter (aerodynamic size <2.5 μm) present the greatest public health concern, and attainment of tightened air-quality standards for these pollutants remains elusive in many areas. Worldwide, urbanization and traffic growth combine to impact the health of increasing numbers of people. Determining how to better protect public health from vehicular exposures requires far more detailed knowledge of exposure. Understanding exposures to vehicular emissions is fundamental to characterizing health risks and developing regulatory approaches that effectively reduce that risk.
Understanding exposures to vehicular emissions is fundamental to characterizing health risks and developing regulatory approaches that effectively reduce that risk. 
BACKGROUND
Road-vehicle emissions continue to dominate urban air pollution. The most important pollutant emissions from light-duty, gasoline-powered vehicles are volatile organic compounds (VOCs), carbon monoxide (CO), and oxides of nitrogen (NO x ), whereas for heavy-duty, diesel vehicles, NO x and fine particulate matter (PM 2.5 ) are of the greatest concern. VOCs and NO x react in the presence of sunlight to form ozone and photochemical aerosols. Control technology applied to light-duty vehicles using precise, computer-based fuel-air mixture control and three-way catalyst aftertreatment combined with improved fuel quality have reduced the emissions of VOCs, CO, NO x , and PM from new vehicles by more than 99%, as compared with 1970. The effectiveness of this control technology allows some vehicles to have exhaust that is lower in these compounds than the ambient air! As the light-duty fleet has turned over, on about a 15-year cycle, emissions of VOCs and CO from highway vehicles have fallen significantly.
The current interest in electric-drive vehicles, which include hybrid electric, plug-in hybrid, battery electric, and fuel-cell hybrid designs, arises from concerns about energy security and greenhouse gas levels. While their further reduction of air pollutant emissions will be welcome, these reductions will be small. But other mobile sources, with combustion engines, do require continuing attention. As compared with the low emissions and durability of new vehicles, the emissions from a few, generally older, "high emitters" present an important control challenge.
Emissions regulation of heavy-duty vehicles has lagged behind that of light-duty vehicles, and, combined with the slower turnover of the heavy-duty fleet, the reduction in highway emissions of NO x and PM 2.5 has trailed that of CO and VOCs. Diesel control technology capable of achieving nearly the reductions seen in light-duty vehicles appeared only recently. Heavy-duty vehicles with traps, which are very effective in reducing PM 2.5 and ultrafine particles (<100 nm in diameter), result in particulate mass emissions that are more than 98% below those from uncontrolled vehicles. The first half of this reduction comes from improved combustion; the second from the trap. Selective catalytic reduction technology introduced this year, combined with previous combustion improvements and exhaust-gas recirculation, delivers similar levels of control of NO x .
As emissions from on-road vehicles have been reduced, more attention is being given to reducing pollutant emissions from non-road mobile sources. Most important are locomotives, ships, and construction and farm equipment, all powered primarily by diesel engines to which now existing control technology can be applied. Even longer turnover times in this sector point to an increasing relative importance of their emissions. The relative importance of aircraft emissions will grow as the fleet size increases, and technology to yield substantial emissions reductions is not yet available.
IMPACT AND IMPLICATIONS FOR EXPOSURE SCIENCE
Better exposure assessment has been key to the development of strong epidemiological evidence for increased mortality and morbidity from PM 2.5 . Resulting quantitative risk analyses that use these assessments provide the justification for aggressive reductions of both primary (emitted directly by motor vehicles) and secondary (formed in the atmosphere from gaseous pollutants emitted by motor vehicles) PM 2.5 . In an extensive review of traffic-related air pollution and associated adverse health effects, the Health Effects Institute (2010) identified the exposure zone within 300 to 500 meters of major roadways to be of particular health concern. The report notes the problematic nature of using traffic proximity as a surrogate for pollutant exposure in epidemiologic assessments. Traditionally, the locations of monitoring sites were chosen to avoid influence by local sources. As a consequence, the more than 700 PM 2.5 -monitoring sites in the United States are not well suited to characterizing regions of highest exposure to vehicular emissions. The new EPA National Ambient Air Quality Standard for nitrogen dioxide includes a requirement for near-roadway monitoring to characterize high exposures. The inclusion of some PM 2.5 and PM 10 monitoring at these sites would be valuable. This might help to better define another vehicular source of PM, re-entrained road dust.
The US National Ambient Air Quality Standard for PM 2.5 is based on epidemiological assessments that relate both short-and long-term exposure, as measured by this metric, to increased morbidity and mortality. The role of particle composition and particle size is not well understood, nor is it yet part of the regulatory mechanism. Geographical differences in particle potency seem to be related to particle composition, pointing to the need to better understand the vehicular contribution.
The likely role of particle size in determining toxicity is evident from the biophysics of ultrafine particles and their ability to cross cell walls and rapidly enter the bloodstream. Mass, composition, and size all appear to be important exposure metrics. Both the assessment of health effects and the design of regulations require advances in particle characterization and human exposure. As focus shifts to ultrafine particles, number and/or surface area may become more significant than mass, presenting new challenges in measurement and regulatory design. Possibly prematurely, the European Union is considering a particle-number-per-kilometer standard for motor vehicles.
The recent history of reducing health risks from vehicular emissions offers both good news and bad news. Diesel engine trap technology, designed to reduce PM 2.5 mass, is also very effective in reducing the mass and number of ultrafine particles by more than an order of magnitude. This is an example of a problem being easier to solve than to understand, given the uncertainty about the most appropriate exposure metric. More somber is evidence of an increasing Northern Hemisphere background of both ozone and PM 2.5 . This will make it extremely difficult to meet stringent air-quality standards and will most likely require a reconsideration of the regulatory mechanism laid out in the Clean Air Act of 1970.
The challenges for exposure scientists in characterizing human exposure to ambient particles and related gases are substantial. Their findings will provide fertile data to be mined by epidemiologists, risk assessors, and policy makers who seek the most effective ways to significantly reduce harmful exposures.
